We have conducted systematic investigations of magnetic circular dichroism (MCD) spectra and optical absorption spectra of the III-V diluted magnetic semiconductor (DMS) Ga 1−x Mn x As. With an increase in Mn concentration x, the MCD structure originating from the L-critical points of the zinc-blend type band structure shifted towards lower energy while the corresponding absorption spectrum did not show the shift although they are expected to show the same dependence. This indicates that the s, p-d exchange interaction of Ga 1−x Mn x As has a very localized nature, because MCD is only active in a region where band structure is affected by Mn spins, and optical absorption results from the overall sample response. The MCD spectrum of a ferromagnetic Ga 0.97 Mn 0.03 As sample was decomposed into contributions from Γ -critical points (E 0 and E 0 + 0 ), L-critical points (E 1 and E 1 + 1 ), and impurity band-related optical transitions. Using the intensities of MCD and optical absorption, the Zeeman splitting energy at E 1 was estimated to be larger than +8 meV at 6 K. By assuming the same ratio between the Zeeman splitting energies at E 0 and E 1 , which is experimentally reported in a II-VI paramagnetic DMS Cd 1−x Mn x Te, the Zeeman splitting at E 0 of Ga 0.97 Mn 0.03 As was estimated to be larger than +120 meV at 6 K.
Introduction
Ga 1−x Mn x As is considered a prototype ferromagnetic diluted magnetic semiconductor (DMS) [1, 2] . However, there is no consensus regarding the electronic structure of Ga 1−x Mn x As, and it is still under heated debate [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Since the most prominent characteristic of DMSs is the s, p-d exchange interactions between d-electron spins of magnetic ions and s, p carriers of the host material [13, 14] , the most important task to clarify the electronic structure is the characterization of the spin-dependent band structure induced by the s, p-d exchange interaction. Magnetic circular dichroism (MCD) spectroscopy is the most powerful tool utilized so far for this kind of study because it is very sensitive to the Zeeman splitting of the band structure that is a direct consequence of the s, p-d exchange interaction [14] . MCD spectroscopy has been successively used to clarify the electronic structures of II-VI DMSs [16] [17] [18] [19] [20] [21] [22] , and it has been also applied to Ga 1−x Mn x As [10, [23] [24] [25] [26] [27] [28] . However, the interpretation of the observed MCD spectra of Ga 1−x Mn x As itself has not reached conclusive consensus yet.
Using reflection mode MCD spectroscopy, Ando et al [23] came to the conclusion that the zinc-blend type semiconductor band structure of Ga 1−x Mn x As is affected by Mn spin. They observed a negative MCD peak on a large positive MCD background signal that appeared at 1.52 eV and which corresponds to the E 0 band gap optical transition of host GaAs. The observed negative polarity suggested an antiferromagnetic nature of the p-d exchange interaction. In contrast, Szczyto et al [29] used transmission Zeeman spectroscopy to find that the broad absorption edge near the E 0 optical transition showed Zeeman splitting which corresponds to ferromagnetic p-d exchange interaction. In their analysis, only a contribution from the E 0 optical transition was assumed, as commonly adopted for the traditional magneto-optical analyses of paramagnetic II-VI DMSs. No magneto-optical background was taken into account. However, later studies showed that the most striking difference between the MCD spectra of II-VI DMSs and ferromagnetic Ga 1−x Mn x As is the respective absence and presence of a strong positive MCD background [23, 24, 26] . Using transmission mode MCD spectroscopy, Beschoten et al [24] noticed a large positive MCD background. However, as they described, the origin and spectral shape of the observed positive MCD background were not identified. By normalizing the MCD spectrum with its peak value without showing a clear justification of the normalization, they claimed to decompose the MCD spectrum into a positive unknown background and a negative peak which seems to reflect the antiferromagnetic p-d exchange interaction. However, the decomposed negative MCD peak appeared at 1.60 eV which was apparently higher than E 0 energy (1.52 eV) of host GaAs, and the positive and negative MCD components showed different temperature dependences. Such puzzling phenomena raise questions on the justification of the analytical methodology.
These confusions in the interpretation of the observed anomalous MCD spectra of ferromagnetic Ga 1−x Mn x As was solved later by MCD spectroscopy conducted in a much wider energy range, i.e. from 0.6 to 4 eV [26] . Ando et al found a large positive MCD peak around 1 eV. This impurity band (IB)-related MCD peak accompanies a broad positive MCD background tail on its higher energy side. It changes the apparent MCD polarity around E 0 from negative to positive. This strong influence of MCD background makes the interpretation of MCD spectra of Ga 1−x Mn x As very difficult, especially near the Γ -critical point (CP) [26] . In contrast, L-CPs, which are far away from the IB-related optical transitions, seem to be less affected. Therefore, one can expect to clarify the Zeeman splitting of Ga 1−x Mn x As at L-CP.
In this work, we conducted systematic investigations of the MCD and optical absorption spectra as a function of Mn concentration in Ga 1−x Mn x As to clarify the Zeeman splitting at L-CPs. Furthermore, we estimated Zeeman splitting energy at Γ -CP using a reported ratio [16] [17] [18] of Zeeman splitting between L-CP and Γ -CP of a II-VI DMS: Cd 1−x Mn x Te.
Experimental procedure
Ga 1−x Mn x As thin films with (1 1 1)-orientation were grown on sapphire (0 0 0 1) substrates by molecular beam epitaxy (MBE). GaAs films were grown at both 600
• C (HT-GaAs) and 230
• C (LT-GaAs), whereas Ga 1−x Mn x As thin films were grown at 230
• C. The film thickness was 50 nm in order to avoid optical interference effects. The Mn concentration of x = 0.03 sample was determined from x-ray photoelectron spectroscopy (XPS), calibrated by electron probe micro-analysis (EPMA). For the other films with smaller Mn content, x values were obtained from a calibrated relation between the amount of Mn beam flux and Mn Knudsen cell temperature, monitored in the growth chamber. The magnetization curves were measured by a superconducting quantum interface device (SQUID). Both MCD and optical absorption spectra were simultaneously measured in transmission mode using a Xe lamp. Magnetic field was applied parallel to the light propagation direction [14] . The incident light was modulated by a 50 kHz photoelastic modulator to right circularly polarized (RCP) and left circularly polarized (LCP) light. The sample area illuminated by light was about 5 mm 2 . The absorption difference between RCP and LCP light, i.e. MCD, was detected by a lock-in amplifier. The 0.1 degree of MCD corresponds to 0.7% difference of optical absorption for RCL and LCP light [14] . Under an assumption that the Zeeman splitting E of the electronic band structure causes the energy shift of the optical absorption spectrum for RCP and LCP light without changing the spectral shape (rigid band shift model), the MCD can be expressed as [14, 30, 31] 
where k is the absorption coefficient, E is the photon energy, L is the sample thickness, g eff is the effective g-value, µ B is the Bohr magneton and H is the magnetic field. This rigid band shift model should be applicable for the L critical points of Ga 1−x Mn x As, which are far away from the Fermi level. Zeeman splitting energy can be estimated by equation (1) by direct comparison between experimentally measured MCD and dkL/dE spectra.
Results
Figures 1(a)-(h) show MCD spectra of Ga x−1 Mn x As with different Mn concentrations as a function of photon energy measured at 6 K and 1 T. Magnetic field dependence of MCD intensity at 3.04 eV (figure 1(i)) shows that Ga 1−x Mn x As (x = 0.03) is ferromagnetic whereas samples with lower Mn concentrations are paramagnetic at 6 K. An inset in figure 1(i) shows that the normalized hysteresis loops measured by both MCD and SQUID are compatible with each other. Curie temperature T c of Ga 1−x Mn x As (x = 0.03) determined from the Arrott plot of MCD intensity at different photon energies was 20 ± 2 K. These experimental results show that all the measured MCD spectra originate from Ga 1−x Mn x As [15, 26] , and are free from other second-phase materials (e.g. small cluster of MnAs precipitations). The MCD spectra show prominent characteristics around photon energies corresponding to Γ (E 0 and E 0 + 0 ) and L (E 1 and E 1 + 1 ) CPs of GaAs (figures 1(a)-(h)) [32] .
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Photon Around Γ -CPs, a pair of downward broad peak near E 0 and upward broad peak near E 0 + 0 is observed. It can be seen that the MCD spectral structure of ferromagnetic Ga 1−x Mn x As (x = 0.03) around E 0 is positive downward broad peak (figure 1(a)), whereas paramagnetic Ga 1−x Mn x As's (x = 0.0001 to 0.01) with smaller Mn concentration show negative downward broad peak (figures 1(b)-(h)). In addition, all samples show positive upward broad MCD peaks around E 0 + 0 .
Photon energy [eV] In MCD spectra of Ga 1−x Mn x As with lower Mn concentration (figures 1(e)-(h)), there are two upward peaks around 1 eV, which are below the band gap energy of the GaAs host (1.52 eV). It was observed that, those two peaks mix up and become one broad peak around 1 eV when Mn concentration becomes greater than x = 0.001 as seen in figure 1(d) . The MCD spectra around 1 eV are due to contributions from multiple IB-related optical transitions [26] . Eventually, these IB-related MCD spectra become a broad peak with a long positive tail on the higher energy side, which acts as a very broad positive background for the MCD spectrum around E 0 and E 0 + 0 . Furthermore, around L-CPs (E 1 and E 1 + 1 ), one broad positive peak is observed for each sample, and its magnitude increases with Mn concentration. Figure 2 shows MCD spectra around L-CPs of HT-GaAs and Ga 1−x Mn x As with different Mn concentrations at 6 K and 1 T. The MCD spectrum of HT-GaAs clearly shows that it is composed of two dispersion-like structures with opposite polarities centred at E 1 and E 1 + 1 respectively. This indicates that the broad positive MCD peak around L-CP observed in LT-GaAs (figure 1(h)) resulted from the merging of these two dispersion-like MCD structures. The low temperature growth and Mn doping inevitably degrade the crystal structure quality of Ga 1−x Mn x As, and cause the broadening of the MCD structures. Furthermore, figure 2 also shows that the broad positive MCD peak around L-CPs shifts its peak position to lower energy with increase in Mn concentration, and the shift seems to saturate with very small Mn concentration.
Figure 3(a) shows MCD and energy derivative of optical absorption (dkL/dE) spectra of HT-GaAs [33] . In both MCD and dkL/dE spectra, there are two dispersion-like structures centred at E 1 and E 1 + 1 , respectively. Optical transitions at L-CPs of GaAs [34] are known to have a characteristic of the two-dimensional M 1 -type Van Hove singularity which should result in dispersion-like dkL/dE spectral shape at E 1 and E 1 + 1 . The observed dispersion-like dkL/dE peaks in figure 3(a) is compatible with the theoretical expectation. It should be noted that a good correspondence between MCD and dkL/dE structures observed around L-CP of HT-GaAs is well explained by equation (1) shift model [22] . Figure 3(c) shows dkL/dE spectra of Ga 1−x Mn x As with different Mn concentrations at 6 K. The two well-separated dkL/dE structures observed in HT-GaAs are no longer clearly observed in LT-GaAs although a shoulder around E 1 + 1 can be discerned. As the concentration of Mn increases, the dkL/dE spectrum becomes even broader and the shoulder starts to disappear. These broadenings originate from the inherent degradation of low temperature grown Ga 1−x Mn x As, as similarly observed for the MCD spectra. Moreover, it can be seen in figure 3(c) that the dkL/dE spectra around L-CP do not show noticeable energy shift with increase in Mn concentration, which is in sharp contrast with the clear red-shift observed in the corresponding MCD spectra.
Discussions
The MCD spectrum of a Ga 1−x Mn x As (x = 0.03) sample shows a slight kink structure around 2.2 eV ( figure 4(a) ). It is interesting to note that an MCD spectrum of Ga 1−x Mn x As (x = 0.05) sample reported by Boschoten et al [24] also showed a very similar kink structure from 2.0 to 2.2 eV although they did not discuss its origin. To understand the origin of this structure, we first considered the MCD spectrum of Ga 1−x Mn x As (x = 0.005) as shown in figure 4(a) . A positive MCD below 2.0 eV apparently results from the E 0 + 0 optical transition, and a negative MCD above 2.2 eV comes from the E 1 optical transition. Ga 1−x Mn x As (x = 0.004) sample with 10 times larger thickness reported in [26] more clearly showed the absence of MCD signal between 2.0 and 2.2 eV. The difference between the zero MCD signal around 2.2 eV in paramagnetic Ga 1−x Mn x As with very small Mn concentrations (e.g. x = 0.005) and a large positive MCD signal around 2.2 eV in ferromagnetic Ga 1−x Mn x As with high Mn concentrations (e.g. x = 0.03) indicates that the large positive MCD around 2.2 eV comes from the IB-related optical transitions of the ferromagnetic samples. Therefore, as the first approximation, we assumed that the IB-related MCD background can be represented by a linear line which passes a positive MCD peak around 1 eV and MCD signal at 2.2 eV as illustrated by a green short dotted line in figure 4(a) . Since the optical selection rule is relaxed for the IB-related optical transitions, the broad MCD spectral shape with a long tail is reasonable. After subtracting the assumed MCD background, we obtained an MCD spectrum which should be almost free from the contributions from the IB-related optical transitions (line 1 in figure 4(b) ). Features of this resultant MCD spectrum of ferromagnetic Ga 0.97 Mn 0.03 As, i.e. a negative peak around E 0 , a positive peak around E 0 + 0 , and a positive bell-shape peak accompanied with negative side peaks around L-CPs (E 1 and E 1 + 1 ), are typically observed in traditional paramagnetic II-VI DMSs with antiferromagnetic p-d exchange interaction [14, 23] . The observed MCD spectrum of ferromagnetic Ga 0.97 Mn 0.03 As is very ordinary except for its strong and broad positive background due to the IB-related optical transitions. This observation suggests the important role of the IB for the origin of the ferromagnetism in Ga 1−x Mn x As [4, 7, 9, 10, 26] .
According to equation (1), the MCD structure around L-CP should be explained by a superposition of two dispersionlike components originating from the two-dimensional M 1 -type Van Hove singularity of E 1 and E 1 + 1 optical transitions. Indeed, figure 4(b) shows that the MCD structure around L-CP is well explained by the superposition of two energy derivatives of Gaussian functions. Since E 1 and E 1 + 1 optical transitions are related to each other by a spin-orbit interaction, we assumed the same widths and magnitudes with opposite polarities for the two Gaussian functions. In addition to the two dispersion-like components, we needed to assume a weak linear background (line 5), which suggests that the IB-related MCD background is not so simple in a wide photon energy range as we assumed in figure 4(a) . However, we believe that the essence of our following discussions will not be affected by such minor ambiguity of the weak linear MCD background. Figure 5 (a) shows energies of E 1 and E 1 + 1 obtained by fitting together with those of MCD peak and dkL/dE peak as a function of Mn concentration x. As already mentioned, L-CPs shift to lower energy and then start to saturate when Mn concentration is around x = 0.001. On the other hand, the dkL/dE peak position does not shift as Mn concentration changes. According to equation (1) which is derived based on an assumption that the spin-dependent band structure is uniform thorough an entire sample, MCD structures are expected to change in the same way as dkL/dE structures on the energy scale. It has been reported that Mn atoms in Ga 1−x Mn x As are actually inhomogeneously distributed thorough the sample on atomic scale and that causes atomic-scale fluctuation in the local electronic density of state [35, 36] . Thus, we propose that the different behaviours of MCD and dkL/dE spectra found in this study can be explained by this microscopic inhomogeneity of electronic structure. MCD selectively detects signals from energy bands which are affected by s, p-d exchange interaction. On the other hands, dkL/dE signal captures the characteristics of the entire sample. Figure 6 shows a schematic model to explain the relation between MCD and dkL/dE of Ga 1−x Mn x As as a function of Mn concentration. In this model, a rigid sphere of influence exists around Mn atom, and d-electrons of Mn cause exchange interaction with s, p-electrons of GaAs host to enhance the MCD effect inside the sphere. There is no influence of d-electrons outside of the sphere, which does not cause enhancement of the MCD signal. Therefore, this model indicates the strongly localized nature of the spinpolarized band structure of Ga 1−x Mn x As. It should be noted that the inhomogeneity discussed here is a not macroscopic one and the variation of the optical properties should be very small because the material is pure Ga 1−x Mn x As and is free from second-phase materials with large difference in optical properties. It means that our MCD and dkL/dE data are free form some optical interference effects observed in macroscopic inhomogeneous materials with large optical property variations. From the decomposed MCD spectral shape (figures 3(b) and 4(b)), we tried to estimate the Zeeman splitting E of the E 1 optical transition using equation (1) . The estimated effective g-values of HT-GaAs using equations (1) and (2) are −1.0 and +2.0 for E 1 and E 1 + 1 , respectively. These effective g-values are reasonable [33, 37] and justify the applicability of equation (1) to HT-GaAs. The fitted MCD magnitude and width of a ferromagnetic Ga 0.97 Mn 0.03 As are 110 mdeg and 0.47 eV, respectively. These values are about 35 times larger and 3.5 times wider than those of HT-GaAs. The Mn concentration dependence of dkL/dE is much weaker than that of MCD intensity ( figure 5(b) ). As a value of dkL/dE for equation (1), we used half of the dkL/dE peak value around 3.0 eV because the very broadened dkL/dE spectra can be considered as a superposition of two broad spectra originating from E 1 and E 1 + 1 optical transitions. According to our model, schematically shown in figure 6 , MCD probes only part of the sample affected by Mn atoms whereas dkL/dE probes the entire sample. In that case, the absorbance kL can be considered as kL
, where k Mn is the absorption coefficient, L Mn is the effective length of Mn affecting area and k nonMn is the absorption coefficient of nonMn affecting area on the sample. Thus, one can expect that observed dkL/dE should be larger than the real expected value, dk Mn L Mn /dE, for the spin-polarized part of Ga 1−x Mn x As if the broadening due to the low temperature growth is reasonably assumed to be uniform. Therefore, the Zeeman splitting energy that we estimate using equation (1) should be considered as the minimum limit.
By following the procedure outlined above, the evaluated Zeeman splitting energy E at E 1 in Ga 0.97 Mn 0.03 As was +7.8 meV. It is known that Zeeman splitting energy E at E 1 of paramagnetic Cd 1−x Mn x Te (x = 0.01-0.39) at 4.5 K and 1 T is 0.5-2.0 meV [16, 17] , and that of paramagnetic Zn 1−x Mn x Te (x = 0.02-0.17) is 0.5 meV [18] . In spite of its ferromagnetic nature, E at E 1 of Ga 1−x Mn x As (x = 0.03) is a little bit smaller than the reported Zeeman splitting energies in paramagnetic Cd 1−x Mn x Te and Zn 1−x Mn x Te. However, the estimated E value for the E 1 optical transition in Ga 0.97 Mn 0.03 As should be considered as the minimum limit as mentioned above.
The Zeeman splitting of ferromagnetic Ga 1−x Mn x As at Γ -CPs has not been reported due to the fact that reliable analysis of MCD spectral shape around Γ -CPs is very difficult because of the strong broadening of the MCD spectra and the overlap with IB-related optical transitions [26] . Optical absorption should be also strongly deformed by the IB-related optical transitions. Still, it is worth mentioning here that the electronic states at Γ -and L-CPs of a zinc-blend structure material are not independent of each other because they are originated from the same s and p orbitals. This fact suggests that there can be some relationship between the Zeeman splitting at Γ -and L-CPs. In Cd 1−x Mn x Te, the Zeeman splitting at E 0 is experimentally reported to be about 16 times larger than that at E 1 [17, 22, 38] . Such rapid decrease in the Zeeman splitting away from the Γ zone centre is also supported by a theory which takes into account the effect of kinetic exchange contribution to the conduction band [38, 39] . We estimated the Zeeman splitting at E 0 by multiplying the Zeeman splitting at E 1 by 16. This discussion is based on fundamental similarities of the electronic structures of Cd 1−x Mn x Te and Ga 1−x Mn x As. In Cd 1−x Mn x Te, the energies of E 0 , E 1 , E 1 + 1 and e +σ d level (Mn occupied level below top of valence band) are ∼1.6 eV, ∼3.4 eV, ∼ 4.0 eV and 3.5 eV, respectively [13, 26, 40] . Similarly, in Ga 1−x Mn x As, the energies of E 0 , E 1 , E 1 + 1 and e +σ d level are ∼1.5 eV, ∼3.0 eV, ∼3.2 eV, and ∼4.5 eV, respectively [26, 41] . Furthermore, the ratio of absolute value of MCD area between the Γ -CPs(1.5-2.9 eV) and the L-CPs (2.9-4.1 eV) in Cd 0.95 Mn 0.05 Te [22] is 0.8 whereas in Ga 0.97 Mn 0.03 As the same ratio between the Γ -CPs (0.5-2.2 eV) and the L-CPs (2.2-3.8 eV) is 0.4. Thus, the fact that the ratio of Cd 0.95 Mn 0.05 Te and Ga 0.97 Mn 0.03 As after subtracting the impurity-band related background is of the same order, let us believe that our estimation is correct, although such ratios do not directly relate to the relative magnitude of the observed Zeeman splitting.
Thus, the minimum limit of the Zeeman splitting of ferromagnetic Ga 0.97 Mn 0.03 As is estimated to be +120 meV at E 0 . The Zeeman splitting of interband optical transition discussed here is the combination of the Zeeman splittings of the valence and conduction bands. In DMSs with zencblend structure, Zeeman splitting of the valence band is dominant over that of the conduction band due to the symmetry of s, p-d exchange interactions [14, 42] . Our result indicates a sizable Zeeman splitting of the valence band of ferromagnetic Ga 1−x Mn x As. Recently, electrical tunnelling spectroscopy [9] reported a very small (only several meV) Zeeman splitting of the valence band in a ferromagnetic Ga 1−x Mn x As with high T c of 154 K. In contrast, our MCD analysis shows that the Zeeman splitting at the band gap is much larger even for a sample with the lower T c of 20 K. The reason of this discrepancy is not clear at this point.
Conclusions
Systematic investigations of ferromagnetic Ga 1−x Mn x As show that the MCD structures at L-CPs shift to lower energy with an increase in Mn concentration while the corresponding dkL/dE spectral structures do not show any significant change with Mn concentration. This unexpected behaviour can be explained by an empirical model indicating that MCD locally probes certain area affected by d-electrons whereas the dkL/dE spectrum results from the overall sample response. This, in turn implies that the spin-affected band structure of Ga 1−x Mn x As has a strongly localized nature. The minimum value of the Zeeman splitting energy at E 1 of a ferromagnetic Ga 0.97 Mn 0.03 As sample was estimated by the MCD spectral shape analysis. This was done after correcting for the strong background signal due to impurity band-related optical transitions. Finally, the Zeeman splitting energy at the E 0 band gap was also evaluated by assuming the same ratio between the Zeeman splitting at E 0 and E 1 observed experimentally in II-VI diluted magnetic semiconductors. The valence band of ferromagnetic Ga 1−x Mn x As should have a sizeable Zeeman splitting.
